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Abstract: Aqueous solutions of quinuclidine corresponding to 2 and 6 mol %, respectively, are simulated by using a molecular 
dynamics technique. Both the structural properties and dynamics of the solute and solvent are investigated. The solute molecules 
form strong hydrogen bonds with the solvent molecules. In the more concentrated solution an aggregation of the solute molecules 
is observed. The increased structural order of water compared with a pure liquid is found in agreement with other similar 
systems. The translational motion of water is decreased, whereas the rotational motion is essentially unchanged compared 
with pure water. The reorientational motion of quinuclidine is clearly anisotropic due to the hydrogen bonds formed with 
water. The simulated values are also compared with the experimental results obtained from spin relaxation measurements. 
The translational diffusion coefficients for the solute and solvent molecules are measured with the Fourier-transform pulsed-gradient 
spin-echo method. In addition, picosecond spectroscopic studies are carried out in order to find experimental evidence of a 
possible aggregation of quinuclidine molecules in water. These studies show a weak shift in the absorption band in the water 
solution when the concentration is increased. Also, a dramatic shortening of the fluorescence lifetime is observed. No such 
behavior, typical of aggregated molecular system, was found in nonpolar solvents. 

1. Introduction 

None of the nonaqueous solvents possesses all the solvent and 
ionizing properties water has, especially for ions and polar mol
ecules.1 Water also has a unique lack of solvent power for many 
nonpolar substances.2 Many of these properties are of significance 
to biological processes. Therefore studies of intermolecular in
teractions in water and in aqueous solutions are essential to un
derstand the different phenomena occurring in this complex liquid. 

Computer simulation studies, in which the interaction can be 
studied on the molecular level and compared with the experimental 
results, provide an important source of information. Not sur
prisingly, a large number of computer simulations of aqueous 
solutions have been reported in literature. These range from 
hydration of the smallest anion, electron,3 and even muonium4 

to extremely complex and highly charged biomolecules such as 
proteins,5 DNA,5'6 and biomembranes7 as well as simple chemical 
reactions in water.8 

The consequences of hydrogen bonds on the structure and 
dynamics of aqueous solutions have been widely studied by using 
simulation methods. Both the promotion of water structure, called 
"structure making", and the disruption or "structure breaking" 
have been investigated.9 The detailed information provided on 
a picosecond time scale on a molecular level is of high significance 
for studies of hydrogen bonds; it is also difficult to obtain such 
information from the experiments. 

Another problem of crucial importance is the water structure 
around inert solutes, such as, noble gases, hydrocarbons, and in 
some other organic substances, readily soluble in many nonpolar 
solvents. This phenomenon, which is normally called the hy
drophobic effect,2* is entropically very expensive, because it results 
in a more ordered water structure around the hydrophobic sub
stance. An overall gain in entropy is obtained if the solute 
molecules aggregate, thus reducing the hydrophobic surface. 

According to MD simulations,10,11 the translational and ori-
entational motion of the water molecules near nonpolar moieties 
is slowed down, corresponding roughly to a temperature drop of 
20 deg. The hydrogen bond lifetimes in the vicinity of the nonpolar 
solute are found to increase by a factor of 1.5-2.0. 

In this work we report results from molecular dynamics sim
ulation studies of 2 and 6 mol % quinuclidine solutions in water. 
We also have performed a series of experimental studies by using 
N M R and picosecond spectroscopy on corresponding (real) so
lutions for a direct comparison. We have previously used qui-
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nuclidine or l-azabicyclo[2.2.2]octane solutions in both nuclear 
spin relaxation studies12,13 and in MD simulations14,15 as model 
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Aqueous Solutions of Quinuclidine 

Figure 1. Quinuclidine. 

systems for the intermolecular interactions. 
Quinuclidine (see Figure 1) is a nearly spherical symmetric rotor 

molecule with moments of inertia /B = 3.48 X 10""45 and I1 = 3.31 
X 10"^5 kgm2, implying that in the absence of strong intermolecular 
interactions, the reorientational motion should be nearly isotropic. 

The MD simulation of the benzene solution of quinuclidine15 

showed a fairly isotropic reorientation of quinuclidine in ac
cordance with the experiments.12,13 A highly interesting feature 
of quinuclidine is the fact that it has both a polar part with an 
electronegative nitrogen atom and a large (hydrophobic) hydro
carbon surface. Therefore it is a most suitable model molecule 
to study the various types of intermolecular interactions already 
discussed above, and their impact on the dynamics of the solute 
and solvent by varying the polarity of the solvent. Especially in 
water, quinuclidine is strongly associated with the solvent through 
hydrogen bonds. The hydrogen bonds will effectively hinder the 
reorientation perpendicular to the symmetry axis and increase the 
motional anisotropy. Results from NMR studies of the reori
entational motion of quinuclidine in a series of polar and nonpolar 
solvents are discussed in our earlier papers.12,13 

In this work we will particularly investigate the hydrophilic and 
hydrophobic effects responsible to the overall structure and dy
namics of both quinuclidine and water molecules. In section 2, 
we introduce the simulated model system and various technical 
details from the computations. The experimental techniques and 
conditions are explained in section 3. In section 4 the simulated 
results are discussed and compared to the experimental findings. 
Conclusions are finally drawn in section 5. 

2. Physical Model and Computational Details 
Constant volume molecular dynamics calculations have been 

carried out on systems consisting of 20 quinuclidine and 323 and 
980 water molecules, corresponding to 2 and 6 mol % solutions, 
respectively. In addition, we have also performed a simulation 
of pure water with 343 molecules, to be used as a reference. Both 
quinuclidine and water are kept rigid during the simulation. 

In the present study we use the simple point charge (SPC) 
model16 for water-water interactions. This model was originally 
developed for studies of hydrated proteins and has been later used 
in a large number of simulations as a solvent model. The SPC 
model is calibrated under constant volume conditions to reproduce 
the experimental pressure. The SPC model is reasonably good 
for structure and thermodynamic properties. For dynamic 
properties it tends to give too fast a motion according to several 
simulation studies. For example, the rate of translational diffusion 
exceeds real values by a factor of two. 

The interactions between quinuclidine and water were described 
by using a Lennard-Jones potential with an electrostatic term 
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Table I. Potential Parameters" 

site 

N 

c„ 
Co 
Cy 

Ha,/i,T 
Ow 
H w 

«ii ( W 
46.9 
51.0 
51.0 
51.0 
13.4 
48.0 (78.199) 

0.0 

<T|i (A) 

3.32 
3.63 
3.63 
3.63 
2.80 
3.39 (3.166) 
0.0 

«i (M) 
-0.866 
-0.030 
-0.440 
-0.220 

0.192 
0.820 
0.410 

"Greek subscripts refer to quinuclidine and W to water. The values 
in the parentheses are the SPC parameters used for water-water in
teractions. 

Table II. Data for the Simulations 

2% solution 6% solution water 

temperature (K) 318 ± 10 309 ± 6 302 ± 7 
density (g/cm3) 0.980 0.980 1.000 
box lengths (A) 32.30 23.89 21.73 

where ty and a^ are the Lennard-Jones parameters and qt is the 
partial charge located on site /, The polar part of the quinucli-
dine-water potential was constructed by using the interaction 
energies between ammonia and water from ab initio quantum 
chemical calculations with a large basis set.17 Since these cal
culations did not include a subsequent configuration interaction 
(CI) calculation, the correlation energy was assumed to be of the 
same size as that calculated for the water dimer by using the same 
basis set.18 The ammonia/water interaction energies were 
therefore corrected by using water/water dispersion interaction 
energies. The errors introduced in this procedure should not be 
too large since it is well-known that the energy of the hydrogen 
bond is dominated by the electrostatic contribution." This 
contribution is essentially already included at the SCF level. 

The dipole moment of quinuclidine used in the simulation was 
enhanced compared with the experimental value obtained in a 
nonpolar solvent (carbon tetrachloride).20 The dipole moment 
was scaled by using the bond polarizabilities and the difference 
in the dielectric constants21 between water and CCl4. The dipole 
moment of quinuclidine in water was taken as 1.31 Debye (D) 
compared with 1.19 D in CCl4.

20 The partial charges on quinu
clidine were then chosen so as to reproduce the effective value 
of the dipole moment, while the partial charges on water were 
the original SPC charges. The same quinuclidine model is also 
used for the quinuclidine-quinuclidine interactions as in the 
water-quinuclidine case. 

All potential parameters used in this work are gathered in Table 
I. The cross terms, etj and a^, are derived by using the Lor-
entz-Berthelot rules. 

All simulations were performed in a cubic box, with the periodic 
boundary conditions and minimum image convention. A cutoff 
radius of 1 nm is applied to all interactions. The average tem
peratures and the other data from the simulated system are given 
in Table II. The equations of motion were integrated with a time 
step of 0.001 ps, by using the Verlet leap-frog scheme for the 
translational motion and the quaternion based leap-frog algorithm 
by Fincham22 for the rotational motion. All calculations were 
performed by using a modified version of the computer simulation 
package "MCMOLDYN".23 
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1316-1332. 
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Table III. The Intermolecular Interaction Energies" 

2% solution 6% solution water 
<UWW> -39.6 ± 0.6 (-46.1) -38.5 ± 0.3 (-44.5) -41.6 ± 1.8 (-46.7) 
( UQQ) -12.0 ± 0.4 (-0.1) -31.4 ± 0.3 (3.6) 
(UWQ) -98.2 ± 3.4 (-55.9) -87.8 ± 2.3 (-49.9) 

"The values in parentheses are the coulombic contributions (units, kJ/ 
mol). 

The systems consisting of 343 and 1000 water molecules were 
first equilibrated for about 6 ps. Thereafter, 20 water molecules 
were replaced by quinuclidine molecules, and the density of the 
new system was adjusted followed by an additional 10 ps of 
equilibration. The length of the production simulations were 25 
ps (12 ps for the pure water simulation). The simulations were 
performed on FPS-164 array-processor and Convex C210 for the 
small and large systems, respectively. The electrostatic interactions 
were treated by using the Ewald summation method.24 

3. Experimental Section 
3.1. Spectroscopic Measurements. Absorption spectra were recorded 

on a traditional UV-spectrometer (Perkin-Elmer Lambda 5) inerfaced 
to a personal computer. Fluorescence spectra were recorded by using an 
excimeter laser-pumped frequency-doubled dye laser output as excitation 
source and digital BOXCAR detection. Fluorescence lifetime mea
surements were carried out by using a picosecond spectrometer equipped 
with single photon counting electronics and a multichannel plate detec
tor.25 Magic angle detection geometry was used. Deconvolution of the 
kinetic data was done on a Vax 8600 computer.26 For fluorescence 
measurements commercial quinuclidine samples were sublimed twice 
before recording spectra. Water used in fluorescence measurements was 
carefully purified and checked for impurities before use. 

3.2. NMR Measurements of the Translational Self-Diffusion. The 
translational diffusion coefficients were obtained from the Fourier-
Transform pulsed-gradient spin-echo (FT-PGSE)27 measurements, per
formed on JEOL FXlOO NMR spectrometer operating at 2.35 T. The 
experiments were performed on two samples containing 2 and 6 mol % 
quinuclidine, respectively, dissolved in D2O; ca. 4 mol % of H2O was 
added for enhancement of the signal intensity of water. 

3.3. NMR Measurements of the Reorientational Motion. The '4N 
nuclear spin relaxation measurements were performed at 28.8 MHz on 
a JEOL GX400 spectrometer; T1 values were short enough to be deter
mined directly from the line width. The reorientational correlation times 
of quinuclidine were calculated by using standard equations, assuming 
the quadrupolar coupling constant to be 4.8 MHz and, according to our 
previous results,12,13 independent of the concentration. 

3.4. Viscosity Measurements. The viscosities at 25 "C were measured 
with Cannon-Fenske viscosimeter. The density values necessary for the 
evaluation of the viscosities were determined at room temperature. 

Quinuclidine used in all the experiments was purchased from Aldrich 
Chemie, Steinheim, FRG. The solvents were of highest spectral purity 
commercially available and were used without further purification. 
Twice distilled and degassed water was used to make water solutions. 

4. Results and Discussion 
4.1. Equilibrium and Structural Properties. The average values 

of the interaction energies are given in Table HI. The water-water 
energies are per water molecule, and the water-quinuclidine and 
quinuclidine-quinuclidine energies are per quinuclidine molecule. 
The electrostatic energies are given in parentheses. In the 
water-water and water-quinuclidine energies, the dominating 
contribution comes from the coulombic interactions. This is 
expected in hydrogen-bonded systems. The quinuclidine-quinu
clidine interactions are stabilized by the van der Waals attractions. 
For the high concentration solution, the coulombic interactions 
are repulsive. The internal energy for water in quinuclidine 
solutions is somewhat higher compared to the pure liquid. As 
expected, the energy for the low concentration solution is inter
mediate. 

(24) (a) Ewald, P. Ann. Phys. 1921, 64, 253-287. (b) de Leeuw, S. W.; 
Perram, J. W.; Smith, E. R. Proc. Roy. Soc. London 1980, A373, 27-56. (c) 
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The structure of the system is examined by using the radial 
distribution functions, g(/y). In Figure 2 the relative positions 
of the atoms O and H in water and N and 7-H in quinuclidine 
are plotted as g0N> £HN> IfoHr and ^1017, where the first index refers 
to water and the second to quinuclidine. The radial distribution 
functions for the center of mass of water and quinuclidine gvvo. 
are also included in Figure 2. The functions g0N and gHN, which 
show the radial distribution of water around the nitrogen site, 
display a sharp first maximum at 0.31 and 0.22 nm, respectively, 
the second value corresponding to the distance of a hydrogen bond, 
which is a good agreement compared with X-ray experiments28 

and MC simulations,29 performed on ammonia-water and other 
results obtained in similar systems.30 The second weak maximum 
in gHN is due to the second proton in the water molecule. The 
radial distribution function for the two concentrations looks very 
similar, except for an increase of the intensity in the first maximum 
of the high concentration solution. The relation between the radial 
distribution function and the potential of mean force31 implies that 
such increase corresponds to a stronger hydrogen bond formed 
between water and quinuclidine in the 6 mol % solution. 

The distribution of water around the 7-hydrogen in quinuclidine 
is displayed as g0Hy and gm~ in Figure 3b and shows only a weak 
structure in the radial distribution functions. The small peaks 
at 0.67 and 0.57 nm, respectively, correspond approximatively to 
the length of a quinuclidine molecule and can therefore be ex
plained as strong solvation of the polar part of quinuclidine by 
water. Since no other structure information is observed, this 
indicates that water has no preferential interactions with the 
nonpolar part of quinuclidine. There is no concentration depen
dence in these distribution functions. On the other hand, there 
is a significant difference between the two concentrations in the 
center of mass radial distribution functions gWQ. The first 
maximum in these distributions corresponds to the molecules 
participating in the hydrogen bond, whereas the second maximum 
is due to the solvation shell. The intensity of the first maximum 
is smaller in the dilute solution, in agreement with the other radial 
distribution functions, g0N and gHN. The large decrease of the 
intensity with increased concentration can probably be explained 
by the hydrophobic interactions between the quinuclidine mole
cules, minimizing contact of the hydrocarbon parts with water. 

The total number of water molecules in the first hydration shell 
around quinuclidine, extended to 0.7 nm, is 14 and 22 for the high 
and low concentration solutions, respectively. The difference in 
the hydration numbers probably reflects the attempt of hydro
carbons to minimize contact with water by some kind of aggre
gation. In Figure 3 the three radial distribution functions for the 
atoms in water ^ 0 0 , g0H, and gHH are shown and compared with 
the distributions in pure water. There is a significant difference 
in all three distributions with a large increase of water structure 
in the 6 mol % solution. The distribution functions in the dilute 
solution are as expected closer to those in pure water. The radial 
distributions of water over 0.5 nm are essentially identical with 
these of pure liquid. 

A quite similar system, compared to ours, namely a 3 mol % 
aqueous solution of tert-b\xty\ alcohol (TBA) was simulated by 
Nakanishi et al.32 Experimentally, TBA was found to have some 
unique effects on the structure of water,33 being a very effective 
"structure maker" and giving arise to a large volume contraction 
in dilute solutions. In increasing the contraction there is found 
to be a sharp minimum at 5 mol % in partial molar volume which 
is assumed to come from an aggregation of TBA in water. As 
in quinuclidine, TBA has a large hydrophobic surface and a polar 
-OH group which strongly hydrogen bonds to the water. Na-

(28) Narten, A. H. /. Chem. Phys. 1968, 49, 1692-1696. 
(29) Tanabe, Y.; Rode, B. M. J. Chem. Soc. Faraday Trans. 2 1988, 84, 
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(32) Water, a Comprehensive Treatise; Franks, F., Ed.; Plenum: New 
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Figure 2. The radial distribution functions, quinuclidine-water: (•••) 2 
mol % quinuclidine solution and (—) 6 mol % quinuclidine solution. 

kanishi et al.33 report a more pronounced hydrophobic hydration 
in TBA than in the methanolic water solution which they simulated 
earlier.34 Higher intensities in the water-water pair correlation 
functions in the TBA solution compared to corresponding pair 
correlation functions in pure water indicate a more structured 
water, as is found in this work for the more concentrated qui
nuclidine solution. 

Figure 4 shows the radial distribution functions for quinuclidine 
molecules, gNN and g N H r The functions contain much statistical 
noise. Nevertheless, some observations can be made. The ni
trogen-nitrogen distribution is somewhat sharper in the high 
concentration solution with a maximum at 0.72 nm. The intensity 
of nitrogen-7-hydrogen distribution is essentially larger in the 
high concentration solution. The dilute solution seems to be 
homogenous, with the quinuclidine molecules uniformly distributed 
in the system. The concentrated solution contains most of the 

(33) Tanaka, H.; Nakanishi, K.; Touhara, H. J. Chem. Phys. 1984, 81, 
4065-4073. 

(34) Okazaki, S.; Touhara, H.; Nakanishi, K. J. Chem. Phys. 1984, 81, 
890-894. 

(nm) 

Figure 3. The radial distribution functions, water-water: (—) 2 mol % 
quinuclidine solution, (—) 6 mol % quinuclidine solution, and (•••) pure 
water. 

quinuclidine molecules in a structure which shows a tendency to 
aggregate. This association occurs rapidly, a few picoseconds after 
the simulation is started from a random distribution of quinuclidine 
molecules. This phenomenon, which is reproducible from different 
randomly chosen start configurations, does not appear in the 
simulation of the 2 mol % solution. 

For the sake of illustration, but not as evidence, the final 
configurations from the simulations of the 6 and 2 mol % solutions 
are plotted in Figure 5 (water molecules are removed for clarity). 
This association type of phenomenon, which was first observed 
in the MD simulation and thought to be an artefact, led us to 
perform more detailed experimental studies at different concen
trations. The first observation is that the nonpolar, hydrocarbon 
parts are associated together, whereas the polar part (nitrogen) 
points toward water. It seems that the associations minimize the 
contact of the hydrophobic groups with water, which is also ex
pected in such a high concentration of the hydrocarbon. The 
aggregation of molecules with a polar and nonpolar, hydrocarbon 
group is very well-known in the case of amphiphile molecules. 
Such aggregations have also been investigated by using molecule 
dynamics simulations.3536 However, the geometry of quinuclidine 
does not favor a regular micelle formation, since there is no 
effective way of packing the rather bulky hydrocarbon part. On 
the other hand, the large solubility of quinuclidine in water (>10 
mol %) indicates that there must be an efficient way of minimizing 
the contact between the hydrocarbon part and water. In the initial 
configuration the quinuclidine molecules are placed randomly in 
the box. However, considering the high concentration of quinu
clidine and its large volume compared with water, the hydrocarbon 
parts are expected to be very close to each other. Since the contact 
of hydrocarbon minimizes the free energy of the system, asso
ciations observed in this simulation are not surprising. The 
processes of phase separation, which are controlled by a diffusional 
step, occur usually on a considerably longer time scale than the 
length of an MD simulation. In our system the short distances 
between the quinuclidine molecules in the starting configuration 
considerably simplify a possible aggregation process. 

4.2. Spectroscopic Results. Aggregation of molecules is often 
accompanied by spectral shifts or by development of entirely new 
spectral bands as the concentration of the solution is increased.37 

Absorption spectra of quinuclidine in water and in cyclohexane 
solutions at various concentrations are shown in Figure 6. The 
absorption maxima around 200 nm are most probably from a <x*a 
transition. The maximum in water lies below 190 nm, while it 
is located at 215 nm in cyclohexane. The spectral shift is an 

(35) Jonsson, B.; Edholm, O.; Teleman, O. J. Chem. Phys. 1986, 85, 
2259-2271. 

(36) Watanabe, K.; Ferrario, M.; Klein, M. L. J. Phys. Chem. 1988, 92, 
819-821. 

(37) (a) Lutz, D. R.; Nelson, K. A.; Gochanour, C. R.; Fayer, M. D. 
Chem. Phys. 1981, 58, 325-334. (b) Smirl, A. L.; Clark, J. B.; van Stryland, 
E. W.; Russell, B. R. J. Chem. Phys. 1982, 77, 631-640. (c) Sundstrom, V.; 
Gillbro, T. J. Chem. Phys. 1985, 83, 2733-2743. 
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Figure 4. The radial distribution functions, quinuclidine-quinuclidine: 
(—) 2 mol % quinuclidine solution and (—) 6 mol % quinuclidine solu
tion. 

indication of stabilization of the ground state or destabilization 
of the exciting state of quinuclidine in water solution as compared 
to cyclohexane solutions. Increasing concentration of water so
lutions results in an obvious red shift of the spectrum, the major 
change taking place at about 0.25 mol % concentration. The 
normalized fluorescence spectra of quinuclidine in water (not 
shown) also show a red shift as the concentration is increased from 
0.5 to 6.0 mol %. No shifts are observed in cyclohexane solutions. 
The observed shifts are small compared to shifts reported for 
aggregating dye molecules.37 These concentration dependent shifts 
indicate interactions between the quinuclidine molecules at higher 
concentrations. Kinetic measurements were made by exciting the 
weak and broad absorption band centered at about 290 nm. This 
absorption is most probably due to the <r*cr-n transition and 
becomes clearly visible at higher concentrations. The lone-pair 
transition being localized at the polar end of quinuclidine molecule 
should serve as a sensitive probe of polarity changes of the solvent 
surroundings. The results of the fluorescence lifetime measure
ments in water and in benzene are shown in Figure 7. The total 
decay is fitted to four exponentials. It is clearly seen that in
creasing concentration in water solution results in a dramatic 
shortening of the first lifetime component (from 1.3 ns to about 
100 ps). The lifetimes of the next two components are also strongly 
affected. Shortening takes place fairly sharply between concen
trations from 0.3 to 0.5 mol %. Similar behavior is observed for 
the total intensity of the decay signal. These observations are 
similar to those reported for several aggregating dye molecules 
in solution.37 The underlying mechanism of the shortening of the 
electronic excitation in large molecular aggregates is still under 
discussion, and in some cases excitation annihilation processes are 
involved. 

4.3. Translational Motion. The translational motion is char
acterized by using the molecular center of mass velocity time 
correlation function (tcf), C13U), defined by 

Q(O = (D(O)D(I)) /(V(O)D(O)) (2) 

where v is the linear velocity and (...) is an ensemble average. 
The translation diffusion coefficient of a molecule may be cal
culated from the velocity tcf 

Dv = \ C(D(I)D(O)) di = 
3 •-'o 

kRT 
(3) 

where m is the mass of the molecule or from the mean square-
displacement (MSD) 

l im | - [<[ /? (0- /? (0) ] 2 >] = 6D 
!-»» at 

(4) 

where R(t) is the position of the molecule at time f. In Figure 
8 the normalized velocity correlation functions are shown both 
for components in the mixtures and for pure water. It can be 
observed in the figure, that there is a difference in the behavior 
of the correlation functions of water in the mixtures and pure 

Figure 5. Final configurations from the simulations, (a) 2 mol % solution 
and (b) 6 mol % solution; 880 and 223 water molecules, respectively, have 
randomly been removed for clarity. 

water. This difference can possibly be attributed to the promoted 
structuring of water (see also the radial distribution functions) 
and explained as an increased "cage" effect. These differences 
are also reflected in the values of the self-diffusion coefficients, 
which are given in Table IV. 

The measurements of the self-diffusion constants were per
formed on the samples at three different temperatures. The values 
reported in Table IV are obtained by using the Arrhenius' relation 
corresponding to 302, 318, and 309 K for pure water, 2 and 6 mol 
% solution, respectively. As the measurements have been per
formed in D2O whereas the simulations are carried out in H2O, 
we have included in Table IV the experimental values scaled with 
the viscosity difference between H2O and D2O at the different 
temperatures.38 The agreement between the experimental and 

(38) Landolt-Bornstein, Zahlenwerte und Funktionen; Springer Verlag: 
Berlin, 1969; Vol. 5a. 
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quinuclidine 
water 

c„(0 
1.5 
5.0 

2% solution 
MSD exptl 

1.7 0.5(0.6) 
5.1 2.1 (2.6) 

QO 
0.6 
3.7 

6% solution 
MSD exptl 
0.7 0.27 (0.33) 
3.9 1.3 (1.6) 

CM 

4.3 

pure water 
MSD 

4.5 

exptl 

1.9(2.2) 

'Units, 10"' m2 s"!. The values in the parentheses are the viscosity scaled diffusion constants. 

190 wavelength fnmj 260 

190 wavelength 260 

Figure 6. Absorption spectra of quinuclidine in (a) water and (b) cy-
clohexane ((—) 0.05 mol % quinuclidine solution, (—) 0.15, and (•••) 
1.50) at various concentrations at room temperature. The spectra have 
been scaled to correspond to the same absorption intensity at each con
centration. 

time fnsj 

Figure 7. Fluorescence decay curves of quinuclidine in 0.2 and 6 mol% 
solutions: (a) water and (b) benzene, (—) 0.2 mol % quinuclidine 
solution and (—) 6.0 mol % quinuclidine solution. 

simulated values is rather poor; on the other hand, the ratio is 
around two and relatively constant for all three systems. It is, 

1.0 

i.o 

0.0 

QUINUCLIDINE 

WATER 

0.0 0.2 0.4 0.6 (Ts) 

Figure 8. The linear velocity correlation functions: (a) quinuclidine and 
(b) water, (—) 2 mol % quinuclidine solution, (—) 6 mol % quinuclidine 
solution and (•••) pure water. 

of course, well-known that the rigid SPC model for water gives 
significantly too high a diffusion constant,16'39 compared with the 
experimental value. Considering the difference in temperature 
of the systems, there is a clear decrease in the self-diffusion when 
the concentration of quinuclidine is increased. The decrease of 
the self-diffusion coefficient of water in systems where hydrophobic 
solutes are present has been previously reported, based on computer 
simulation results10'40,41 and experimental data.42 

A significant decrease of the self-diffusion constant of water, 
measured by tracer and FT NMR techniques,43 has also been 
observed in micellar systems. The time correlation functions for 
the translational motion of quinuclidine are plotted in Figure 8, 
and the diffusion constants are given in Table IV. There is a large 
concentration dependence in both simulations and experiments 
of self-diffusion of quinuclidine in aqueous solutions. There is 
a significant difference in the behavior of the two correlation 
functions. In the low concentration solution the correlation 
function decays more slowly, whereas in high concentration a large 
cage effect is observed. This effect is explained as the rattling 
of the molecules back and forth in a cage, due to strong inter-
molecular forces.44 

A significant difference in the translational motion of quinu
clidine at the two concentrations is also seen from the diffusion 
constant. Also for quinuclidine the diffusion constants from the 
simulations are a factor of two too large. The experimental 
concentration dependence is, however, well reproduced. There 
is also a difference of a factor of two in the diffusion constants 
in low and high concentration systems. In 6 mol % water solution 
we have measured the viscosity at 25 deg and found it to be 3.04 
cP compared with 1.4 cP in 2 mol % solution. It seems that the 
difference in the translational diffusion constants is in good 
agreement with the viscosity dependence. 

4.4. Rotational Motion. The angular velocity time correlation 
function, C11(O. is defined as 

C B (0-<o(0o(0)) /<o(0)o(0)> (5) 

where o> is the angular velocity of a molecule. These correlation 

(39) Teleman, O.; Jonsson, B.; Engstrom, S. Mol. Phys. 1987, 60, 193-203. 
(40) Rossky, P. J.; Karplus, M. J. Am. Chem. Soc. 1979,101, 1913-1937. 
(41) Zichi, D. A.; Rossky, P. J. J. Phys. Chem. 1986, 84, 2814-2826. 
(42) Goldhammer, E. v.; Hertz, H. G. J. Phys. Chem. 1970, 74, 

3734-3755. 
(43) Lindman, B.; Kamenka, N.; Puyal, M. C; Brun, B.; Jonsson, B. J. 

Phys. Chem. 1984, 88, 53-57. 
(44) Lynden-Bell, R. M.; Hutchinson, D. J. C; Doyle, M. J. Mol. Phys. 

1986,5«, 307-315. 
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Table V. Rotational Motion of Quinuclidine 

Maliniak et ah 

system 

2 mol % 
6 mol % 

5T(K) 

318 
309 

ru± (PS) 

0.035 
0.024 

T„ (PS) 

0.101 
0.044 

^O (PS) 
4.3 
7.3 

^ l (PS) 

3.4 
5.9 

*n (PS) 

2.5 
4.0 

0.0 

Figure 9. The angular velocity correlation functions for quinuclidine: (a) 
2 mol % and (b) 6 mol %, (—) perpendicular component, and (—) 
parallel component. 

functions are related to angular momentum correlation functions 
and therefore determined by the torques due to other molecules 
in the liquid. This is the reason why the angular velocity tcfs are 
a sensitive probe of intermolecular interactions. Figure 9 shows 
the angular velocity correlation functions for quinuclidine in both 
high and low concentration simulation. The angular velocity of 
the center of mass has been resolved into the components of the 
molecular coordinate system. For symmetric rotors, such as 
quinuclidine, there are two equivalent axes denoted as perpen
dicular and one parallel axis. The definitions of parallel and 
perpendicular components refer to the axis of symmetry of the 
molecule. 

The perpendicular component shows a pronounced cage effect, 
whereas the parallel component clearly indicates that this rotation 
is less hindered. The difference can also be seen from the angular 
velocity correlation times, rM, obtained as integrals of the time 
correlation functions and given in Table V. It can be observed 
that the value of the perpendicular component, TW, changes by 
a factor of 0.7 when the concentration of quinuclidine is increased, 
whereas the change for the parallel component is 0.4. The im
plications of these changes will be further discussed in the section 
on the molecular reorientations. It can be observed, in Figure 
9, that the motion of quinuclidine in both systems is clearly an
isotropic. This behavior has been previously observed in molecules 
with very different components of the moment of inertia tensor. 
One such example is acetonitrile (IJIx ~ 10) where the ratio 
between the components, T111JT1111 was found to be close to 2.0.45 

However, in quinuclidine the ratio between the moments of inertia 
is 1.06, and the large anisotropy in the angular velocity (1.9 and 
2.9 for the high and the low concentration, respectively) originates 
in strong interactions with the solvent. Furthermore, the corre
sponding anisotropy in the benzene simulation was found to be 
1.2. The cage effect observed in the angular velocity correlation 
functions originates in strong intermolecular torques. This effect 
is expected for the perpendicular component, since the reorientation 
of the symmetry axis involves breaking or stretching of the hy
drogen bonds, formed between quinuclidine and water. The 
parallel component of the angular velocity is much less hindered, 
which is also clearly apparent in the time correlation function. 

The angular velocity correlation functions for water (not shown) 
in the mixtures and in pure water are practically identical. This 
is surprising, considering the differences both in translational 

(45) Bohm, H. J.; Lynden-Bell, R. M.; Madden, P. A.; McDonald, I. R. 
Mol. Phys. 1984, 5/, 761-777. 

Figure 10. The reorientation correlation functions plotted as ln[Cm(/)] 
for quinuclidine: (a) 2 mol % and (b) 6 mol %, (—) m = 0, (--) m = 
IA-) m = 2. 

motion and in viscosity and can probably be explained by the 
generally poor description of dynamic properties by the SPC water 
model. 

4.5. Reorientational Motion. The reorientational motion of 
the molecules is described by using the normalized time correlation 
functions, C /m(0, defined by 

clm(t) = (f;m[0(o^o]y;m[e(o)^(o)]> 
= <£zC'[a«,(O]0L'[sWO)]> (6) 

where Flm(8,¥>) are the spherical harmonics with the axes fixed 
in the molecule and z component along the symmetry axis, 
Dmm'(Q) are the Wigner rotation matrices, and QLM(t) are the 
Euler angles for the transformation from the laboratory to the 
molecular coordinate system. The Wigner rotation matrices have 
been calculated from the Cayley-Klein parameters which are 
related to the quaternions.46 

The time correlation functions with the different / values 
correspond to the properties measured by various spectroscopic 
methods. For the nuclear spin relaxation the appropriate functions 
are those with / = 2 and the different m values (m = 0,1, 2). The 
reorientational motion of symmetric top molecules, in the small 
step diffusion limit,47 can be separated into the reorientation of 
the symmetry axis denoted as molecular tumbling and into the 
reorienation about the symmetry axis, denoted as spinning motion. 

The tumbling motion is described by C2o(0 alone, whereas 
combination of all three correlation functions is necessary for the 
evaluation of the spinning motion. In Figure 10 the reorientational 
correlation functions for / = 2 and m = 0, 1, 2 are plotted on a 
logarithmic scale. For a diffusive reorientation the correlation 
functions are exponential, and the plots should be linear. This 
is indeed the case at long times (t > 2.5 ps), whereas the short 
time behavior is mainly inertial. From the plots it can clearly be 
seen that the molecular reorientations of quinuclidine in water 
are anisotropic. (Isotropic motion gives identical plots for different 
m values.) 

In our previous simulation of quinuclidine in benzene, we found 
an essentially isotropic motion of the molecule. This is not sur
prising since quinuclidine is not expected to be involved in any 
strong intermolecular interactions with benzene. The hydrogen 
bonds formed in water and other similar solvents, such as methanol 
and chloroform,12 restrict the tumbling motion strongly, whereas 
the spinning motion is much less affected. The large reorienta
tional anisotropy is also expected considering the anisotropy in 
the angular velocity correlation functions. A quantitative measure 
of the anisotropy can be obtained from the reorientational cor
relation times, calculated from the integral of the corresponding 

(46) Goldstein, H. Classical Mechanics, 2nd ed.; Addison-Wesley: 
Reading, MA, 1981; Chapter 4. 

(47) Woessner, D. E. /. Chem. Phys. 1962, 37, 647-654. 
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Table Vl. Experimental 14N Correlation Times and the Viscosities of 
the Solutions at 25 0C 

concn (mol %) 

0.2 
1.0 
2.0 
3.0 
6.0 
10.0 

r(ps) 

11.4 
13.2 
17.1 
21.4 
28.2 
34.8 

r?(cP) 

0.930 
1.137 
1.411 
1.759 
3.039 
5.244 

r/n 
1.00 
0.94 
0.99 
0.99 
0.75 
0.54 

functions. These correlation times can be compared with ex
perimental values obtained from nuclear spin measurements. The 
correlation time for the reorientation of a vector fixed in a sym
metric top molecule and measured in an NMR experiment is given 
by 

1 3 
TC = - [ cos2 8 - I]2T20 + 3 cos2 8 sin2 8r2] + - sin4 BT22 (7) 

where 8 is the angle between the vector and the symmetry axis, 
and correlation times T20, T21, and T22 are calculated from the 
corresponding correlation functions and are included in Table V. 

We have performed a number of measurements of 14N relax
ation rates, at different concentrations of quinuclidine. These 
measurements provide a correlation time that is characteristic to 
the reorientation of the symmetry axis or the molecular tumbling 
and can therefore be directly compared with T20, computed from 
the correlation function of the simulation. In Table VI the ex
perimental values for the tumbling correlation times are given 
together with the measured viscosities for different concentrations 
of quinuclidine. The correlation times increase significantly with 
the concentration, and a large increase of the viscosity is also 
observed. However, the effect of the increased viscosity can be 
removed by division by the viscosity (and normalization with 
respect to the lowest concentration value). This ratio, which is 
also included in Table VI, is fairly constant for the four lowest 
concentrations and decreases significantly for the two highest 
concentrations. A possible explanation is the effect of an increased 
motional freedom in the hydrocarbon-rich part of the solution. 
In dilute solution, all quinuclidine molecules are effectively in 
contact with water, which hinders the reorientations by the for
mation of hydrogen bonds. 

The correlation time for the reorientation of the symmetry axis, 
T20, obtained from the simulations are 4.3 and 7.3 ps in 2 and 6 
mol % solutions, respectively. The differences between the sim
ulated and measured values seem to be very large. These dif
ferences reduce somewhat since the experiments are performed 
at 25 0C, whereas the average temperatures in the simulations 
are 45 and 36 0C for the low and the high concentration, re
spectively. The poor agreement in the description of the dynamical 
properties, when using SPC water as solvent was previously re
ported in MD simulations of a small calcium complex48 and 
parvalbumin49 in aqueous solutions. However, the concentration 
dependence of the tumbling correlation times of quinuclidine seems 
to be in good agreement with the experiments. The ratio between 
the experimental and the temperature-scaled simulated values of 
T20 is 3.7 for both concentrations. 

The spinning and tumbling motions of quinuclidine can be 
evaluated, assuming the diffusion limit, from the correlation times 
using the relation 

(48) Marchese, F. T.; Mehrotra, P. K.; Beveridge, D. L. J. Phys. Chem. 
1984, 88, 5692-5702. 

(49) Ahlstrom, P.; Teleman, O.; Jonsson, B.; Forsen, S. J. Am. Chem. Soc. 
1987, 109, 1541-1551. 

T2n,-' = 6R1 + mHR, ~ R1) (8) 

where R1 is the perpendicular component of rotational tensor and 
R1 is the parallel component. Since T20 provides R1 directly, 
the combination of T20 and T2, or T22 gives R11. By using the values 
in Table V and eq 8 the values of R^ can be evaluated. In more 
dilute solution R1 = 3.9 X 1010 s"1, whereas R11 = 9.7 X 1010 and 
8.0 X 1010 s"1 obtained from T21 and T22, giving an anisotropy ratio 
defined as RJR1 of 2.5 and 2.0, respectively. These values are 
too small compared with the experiments performed on quinu
clidine in methanol or chloroform,13 where the corresponding ratio 
was 10. In the more concentrated solution R1 - 2.3 X 1010 s"1 

and R1 = 5.7 X 1010 s~' and 5.1 X 1010 s_1 from T21 and T22 giving 
RJR1 2.5 and 2.2, respectively. The consistence of/?B obtained 
from T21 and T22 indicates that the reorientations indeed proceed 
in the small-step diffusion limit. 

A more detailed discussion of theoretical and experimental 
aspects of the reorientational motion of quinuclidine in polar and 
nonpolar solvents is given in ref 50. The reorientations of water 
in the mixture are almost identical with these of pure water, and 
the discussion of the dynamics of water in a simulation with the 
SPC interaction model have been previously reported.39 

5. Conclusions 
Molecular dynamics simulations of 1.2 and 3.5 M aqueous 

solutions of quinuclidine are reported. An increased ordering of 
water structure has been observed. The effect of increased 
structuring of water and decreased entropy, called hydrophobic 
effect, is well-known in aqueous solutions of hydrocarbons. This 
effect increases significantly with the increased concentration. 
Hydrogen bond formation between quinuclidine and water is 
observed as well as a tendency of quinuclidine molecules to ag
gregation in the high concentration solution. The aggregation 
of quinuclidine is most likely due to the minimized contact of water 
with the hydrocarbon part. Large concentration effects in ab
sorption and fluorescence spectra and the kinetic behavior of the 
fluorescence signal suggest rearrangement of quinuclidine mole
cules in water at high concentrations into weakly bound clusters. 
The translational motion of water in the mixtures is retarded 
compared with the pure liquid. This effect has been observed 
previously in similar solutions, both by computer simulations and 
by experimental methods. 

Reorientation of quinuclidine in aqueous solutions is clearly 
anisotropic, due to hydrogen bonds formed with water. The 
erroneously high absolute values of the dynamic parameters are 
due to the viscosity of the SPC water, which is approximately a 
factor of three below the experimental values. Their concentration 
dependence, however, is correct. The model for quinuclidine-water 
interactions is based on quantum chemical calculations performed 
on ammonia/water system; however ammonia is a weaker proton 
acceptor compared to trimethylamine and quinuclidine. Therefore, 
the hydrogen bonds formed in the simulated system are probably 
too weak. Furthermore, we have not made any attempt to optimize 
the interactions between the hydrocarbon part and water. The 
improvement of this simulation as well as simulations of other 
water solutions is severely limited by existing models for water. 
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